Freezing is one of the most widely used and effective processes to preserve foods shelf-life during long periods of time. This paper focuses on very low temperature freezing, and a thermal model, based on literature formulations, was developed to calculate the food freezing time considering several kinds of food, with different sizes, shapes and chemical composition. Moreover, once evaluated the food freezing time as a function of temperature and velocity of the cooling fluid, a chart reporting the food production rate, the freezing time and the cooling capacity was developed to properly design the freezing equipment in terms of optimal choice of the process and type of freezer.
Introduction
Every year, a huge amount of food is produced to satisfy the demand of consumers, which number is high and still rising. Nowadays, legislations concerning food storage methodology are becoming more restrictive in terms of final quality of food products and of transformation [1] and storage processes efficiency. In this scenario, freezing assumes a relevant role, as it is a suitable method to retard food deterioration preserving, in the meanwhile, the food organoleptic properties [2] .
Traditional industrial food freezers are based on air-blast system technology [3] , where cold air (the medium fluid) is adopted, due to its cheapness and the low risk of food contamination, to reduce the food temperature below the freezing point, until reaching a final temperature of about -18 °C in the inner part of the product. Typically, the medium fluid temperature varies from -40 °C to -20 °C, with a velocity that ranges between 1 and 6 m/s depending on the kind, size and shape of the food product to be processed. Food can be frozen through a batch process in a closed and insulated freezing room or an in-line process in a freezing tunnel.
A relevant factor affecting the final quality of frozen food products and, thus, the design of the food industry plant equipment, is the freezing time. This parameter is deeply conditioned by the food chemical composition, in terms of water content and percentage of soluble and insoluble solids [4] , and by the properties of the medium fluid. During the freezing process, the phase change of the liquid content of food does not occur at constant temperature. Indeed, when the freezing process begins at the initial freezing temperature , due to the crystallization of a portion of water, the concentration of solute in the remaining aqueous solution increases, thus reducing the freezing point of the unfrozen portion of the food. This phenomenon gradually leads to lower the temperature required to maintain and continue the freezing process, until the complete freezing of the product is reached. In this process, the ice fraction of food is an important parameter describing the variable food thermal properties. Quick-freezing process, using a medium at very low temperature (even under -90/-80 °C), can assure the quickly turning of the water contained in the food into minute ice crystals, avoiding damaging the food cell membranes [5] , as it may happen during freezing at standard temperature (-40/-20 °C).
Usually, very quick-freezing processes are obtained by the adoption of a cryogenic fluid or of the impingement technology, as discussed in literature. In the work of Agnelli and Mascheroni [6] , a cryogenic immersion freezer (using liquid nitrogen) coupled with an air-blast freezer (using air as medium fluid) was studied. The simulations and experimental results confirmed that reduced freezing time that can be obtained using medium fluids at a cryogenic temperature. The benefits of cryogenic freezing technique on the quality of frozen storage, in comparison with traditional air-blast systems, were also evaluated by Rodezno et al. [7] and by Kim et al. [5] , where systems using a liquid carbon-dioxide and a liquid solution of calcium chloride were respectively studied. The cryogenic immersion technique allows to increase the heat transfer coefficient, thus reducing the freezing time, but its adoption is limited by the high cost of the liquid fluids and by the kind of food. Liquid nitrogen can also be adopted in tunnel freezers where, by means of particular nozzles, it is usually injected in proximity of the conveyor belt where food is placed to be processed. Here, absorbing a great quantity of heat by evaporation, the nitrogen cools down the tunnel at very low temperature. Alternatively, a favorable reduction of the freezing time can be achieved by impingement technology, which consists in using high velocity air jets (50÷100 m/s) directly to the food surface, with an air temperature usually equal to -20°C [8] . Even if this technique allows to reach freezing times comparable to those obtained by using cryogenic techniques, it can be applied only to a limited kinds of foods, characterized by an high ratio surface/volume (such as peas, slices of vegetables or meat etc.).
A valuable alternative to cryogenic techniques and to the impingement is represented by air-blast freezing at very low temperatures, with values of around -90/-80 °C. Values of temperature in this range can be achieved, for example, coupling the freezer with a reversed Brayton cycle [9] , where the fluid in this particular thermodynamic cycle can reach a temperature of about -140/-120 °C. In this paper, a thermal model, based on the Pham formula [10] , of the freezing process with air-blast system at very low temperature is presented, which allows to evaluate the food freezing time and the proper design of the freezing equipment. This model can be applied to a wide set of food products: depending on the particular food size, shape, composition [11] and relative direction of the cooling air, the heat transfer coefficient between the medium and the food product has been evaluated by different formulation. A representative set of three food samples have been selected to describe the application of the proposed methodology. Indeed, the most suitable freezing process, in terms of type and mode (in-line process in tunnels, by batch in closed insulated rooms), can be determined depending on the peculiar food geometry and/or the available cooling capacity of the freezing plant and/or the medium fluid properties.
Thermal model
During freezing, foods are cooled by removing sensible and latent heat by means of a cooling medium. The process is a heat conduction problem, during which a phase change occurs inside the food product. The entire process can be divided into three steps: (1) food is pre-cooled from its starting temperature to the initial freezing temperature (sensible heat); then (2) water contained in the food starts to solidify (latent heat) and finally (3) food is sub-cooled, until reaching the desired final temperature (sensible heat).
Food and medium fluid properties
Thermal properties of foods, essential for describing the dynamics of the freezing process, are strictly dependent on the composition and on the temperature of the product. The set of the main constituents of a food can be summarized as: water, proteins, fats, carbohydrates, fiber and vitamins. Foods composition, in terms of shares of each constituent, can deeply vary among different kind of food, but also, at a minor scale, within the same class of products, depending on the current quality and/or on the adopted recipe. The properties of foods (such as density, specific heat, etc.) can be thus evaluated as a combination of the properties of each constituent, which are estimated by relations proposed by Choi and Okos [12] , as a function of the food temperature.
The freezing process is also influenced by the properties of the cooling medium. Indeed, the heat exchange is affected by the temperature and the velocity of the cooling medium. In the proposed thermal model, foods are cooled by air whose properties were evaluated by using the REFPROP database [13] .
Determination of the heat transfer coefficient
The heat transfer coefficient between the food and the cooling medium is a relevant parameter of the freezing process, since it describes the effectiveness of the heat exchange. It depends on the shape, size and kind of food and on the temperature and velocity (modulus and direction) of the medium fluid and can be calculated from the Nusselt number . Modelling the food shape using elementary geometric forms (cylinder, sphere, flat plane, etc.) allows evaluating by empirical formulations as a function of the Reynolds ( ) and Prandtl ( ) numbers. For example, in the case of food with a prevalent flat surface (e.g. slices of fruits or vegetables, hamburgers etc.) and a tangential direction of the medium fluid,
can be approximately calculated as [14] : (1) For cylindrical shape volumes (e.g. carrots, sausages, cucumbers etc.) and medium fluid perpendicular to the lateral surface, Churchill and Bernstein equation [14] should be adopted (2) while for spherical items (e.g. peas, cherries, blueberries etc.), the Whitaker's formula [14] ( 3) should be used. Once is defined, can be easily obtained as (4) where and are respectively the thermal conductivity and characteristic length of the food item.
Freezing time formulation
Freezing time , an important descriptive index of a freezing process of foods, is strictly related to the final quality of frozen food products, and its estimation is an aid to the plant designing phase in food industry. It can be calculated by the governing equation of a heat conduction problem, which can be written by using the Fourier's law, without internal heat generation, (5) With the following assumptions: (1) in the case of a one-dimensional and steady-state problem; (2) considering only the latent heat that has to be removed from the food; (3) without taking into account the sensible heat needed to cool down the food from to (pre-cooling stage) and from to (sub-cooling stage); (4) assuming the temperature and the thermal properties of the product being constant during the phase change, the freezing time formula proposed by Plank is (6) where is the latent heat, the initial freezing temperature, is the medium fluid temperature, is the heat transfer coefficient, is the thermal conductivity, , and are shape food factors (for more detail see [4] ).
To overcome Plank's formulation limits, Pham proposed a new formulation [10] where the sensible heat released by the food during pre-cooling and sub-cooling stages is considered. In addition, a mean freezing temperature , supposed to be 1.5 K below the initial freezing temperature , has to be adopted to consider the effect of the temperature variation during the food phase change. The here adopted Pham's formulation is (7) where represents the time required to reduce the temperature from to (pre-cooling), the time required to freeze the food and the time to reduce the temperature from to (sub-cooling). The correction factor , proposed by Pham [15] , was introduced to take into account the effects of medium fluids at very low temperature ( -40°C) and it can be expressed as , (8) where is the ratio between the food freezing temperature and medium fluid temperature while represents the Biot number of the foods. More in detail, each time can be calculated as (9) where: represents the heat to be extracted during each stage; the mean heat transfer coefficient between food product and the medium fluid; the food heat exchange surface; the mean logarithmic temperature difference during the different freezing stages; is the Biot number; the Pham's formula coefficient. Parameters , and can be evaluated according to [4] . Once defined the initial and the final food temperature and of the freezing process, the heat only depends on the properties of the food product, in particular specific heat and density, and on the volume of the food item. The effect of the food shape on the freezing process is integrated within the mean heat transfer coefficient , the Biot number and the heat exchange active surface . For a fixed couple of values of and , the freezing time is thus deeply affected by both the composition and the geometry/size of the food product: the first affects the properties of the food, while the second is involved in the heat exchange. For example, foods with a great content of unbound water, which has specific heat higher than other constituents, a longer freezing time is required, with respect, for example, to fat-rich food. The geometry/size of foods, instead, affects the heat exchange in term of the ratio between external surface, brushed by the cooling medium, and volume: products with an higher ratio, such as small sized or thin sliced items, reach really shorter freezing times with respect to the others.
It should be noted that, for a given food product, considering a constant initial and a final temperature and and a fixed relative direction of the cooling medium respect to the product surfaces, the freezing time can be expressed as a function of the sole medium temperature and velocity .
Application to the design of the freeze process
The selection of the proper parameters for the freezing process design is not a trivial task, since favorable conditions for a profitable food process has to be guaranteed while fulfilling possible technical specifications and requirements of the existing facilities of the factory. The final quality of frozen foods is related to the resulting freezing time that, in the case of adequate placement into the freezer (for example, number of products on a single tray, etc.) that limits the thermal interaction among single food items during the freezing process, is only affected by the characteristics of the cooling medium. In this situation, the most appropriate freezing time for a specific food can be obtained by finding the proper balance between medium temperature and velocity . Obviously, and must satisfy the technical features of the plant and the food characteristics, not exceeding, for example, a maximum medium velocity to avoid food freezing-burn: this constraint is particular limiting in the case of high volume items. Therefore, the freezing process at very low temperature -90/-80 °C plays an important role, allowing to obtain fast freezing processes for a wider set of food products.
Given the food production rate of the plant, which is the mass of food that is processed per unit of time (kg/h), the overall cooling capacity of the freezing plant can be easily computed as (10) where is the difference in food specific enthalpy [4] between the initial value at a temperature of the food and the final value at temperature . It can be noted that the required cooling capacity is not affected by the medium properties, but it is only related to the type of food, in terms of composition of constituents, characterized by different properties and, thus, different enthalpy difference . With the objectives of assuring a certain productive capacity , and at the same time guaranteeing a freezing process with the more appropriate conditions, the freezing plant has to be designed to provide the appropriate cooling capacity , which allows the medium temperature to be maintained constant.
Once the most suitable freezing time has been evaluated on the base of the type of food, the selection of the more appropriate configuration of the freezing equipment, in terms of choice between a batch or an in-line process, can be performed evaluating the size of the batch lot , defined as (11) Indeed, in case of foods with particularly short freezing times, a batch process, where products are frozen by lots in a closed and insulated room, with loading and un-loading procedures, is not recommended. In this case, the batch freezing process results in a sequence of too short cycles, during which a small mass of product is processed. Since the time required to the loading and unloading procedure of lots into and out of the freezing room will affect the overall cycle timing, it results in an inefficient management of the freezing plant. In this case, an in-line process, in which foods are processed in freezing tunnel on a conveyor belt, is more advantageous and recommended.
In case of in-line processes, the required food production rate and freezing time of the product must be assured by the properly set-up of the width and the velocity of the conveyor belt and of the freezing tunnel length. The adoption of this configuration is limited, however, to values of freezing times that assure the constructive feasibility of the tunnels. Indeed, long freezing times can be obtained by both increasing the tunnel length or reducing the conveyor velocity, but, in order to guarantee the required food production rate , a too low velocity of the belt will lead to an excessive belt width. In the last case, a batch process should be preferred.
For a batch process, particularly relevance resides in the mass of the batch lot, which can be processed in the insulated room with a particular set of temperature and velocity of the cooling medium, and cooling capacity of the freezing plant. With this aim, a chart of the batch lot size has been defined (see Fig. 1.b) , in which iso-mass curves has been calculated as a function of the food production rate , freezing time and of the cooling capacity . Therefore, given the production capacity , the required cooling capacity can be easily obtained and, moreover, depending on the desired freezing time (or cooling medium temperature ), the proper size of the lot to be processed by batch can be obtained.
Case studies
The analysis of the trade-off between a batch process or an in-line process is here applied to three different case studies: (1) sausages, (2) peas and (3) slices of pineapple. The selected products represent different foods in terms of composition, size and shape. For each sample, standard values of composition [11] were adopted and the shapes were approximated by elementary geometric objects, depending on the heat exchange surface: a cylinder for the sausage, a sphere for the pea and a flat plate for the slice of pineapple. Air was selected as medium fluid since its cheapness, large availability and low risk of contaminating foods. Composition and shape data of the selected foods are reported in Table 1 . The results are reported into two types of charts that are related by reporting the same freezing time. The first one (Figs. 1.a-3.a) reports the freezing time as a function of the medium temperature and of the medium velocity. The second one (Figs. 1.b-3.b) reports the freezing time as a function of the food production rate and the cooling capacity. On this chart, iso-mass curves representing the batch size are also drawn. Once identified a suitable range of freezing time, as a function of the medium temperature and velocity on the first chart, it is possible to pass to the second chart where, the batch size lot can be found intersecting the same freezing time range with the desired food production rate. These charts were computed to determine the adequate lot size as a function of freezing time and of the desired food production rate G. For example, the vertical line indicated in Fig. 1.b-3 .b is representative of all the different combination of design parameters (medium velocity and temperature) that assure a certain food production rate into a certain freezing time and that can be found on the first chart.
In particular, the time required to cool down and freeze the selected food products, from an initial temperature equal to 5°C until reaching a final temperature of -18°C, was evaluated with a medium temperature and velocity varying within the ranges (-110/-30 °C) and (0.4/20 m/s) respectively. In Figs. 1.a-3 .a the resulting freezing time values for sausages, peas and slices of pineapple are reported as function of and organized by curves for a set of discrete values of . With the operative ranges, in terms of and , of an air-blast freezing system at very low temperature [9] , highlighted by grey areas in Figs. 1a-1.3 , the freezing time of sausages, peas and slices of pineapple results to be within the ranges of (7/14), (0.7/1.5) and (14/28) minutes respectively.
It can be observed that, for low air velocity values, a reduction of the air temperature involves a remarkable decrease in the freezing time. Comparing the obtained freezing time of the selected food samples, the effects of the food composition and of the geometry/size on the heat exchange (between food and cooling air) can be observed. In particular, the effect of the food composition can be easily identified comparing the behavior of sausages ( Fig. 1.a) and slices of pineapple (Fig. 3.a) , which are food samples with a remarkable difference in the water content. In the case of the first sample, the same temperature difference can be obtained in a significantly shorter time (about half time) with respect to the second one. Whereas, the effect of the geometry/size of different foods on the heat exchange is particularly evident in the freezing of peas (Fig. 2.a) , where shorter times, with also an order of magnitude of reduction, can be achieved comparing to product with a lower ratio surface/volume, such as slices of pineapple ( Fig. 3.a) , a food product with different shape but a similar content of unbound water. The second chart can be used to size the freezing plant and to verify the options of using a batch or tunnel process. With the aim to freeze a certain quantity of food per unit of time ensuring, at the same time, the maintenance of the more appropriate process environment (in terms of constant value of the medium temperature ), the designed freezing plant equipment must, of course, provide a suitable cooling capacity . Consider, for example, a plant with a desired food production rate of 300 kg/h: the differences in contents composition of food samples deeply affect the required cooling capacity , which results in 16 kW for sausages ( Fig. 1.b) , 25 kW for peas (Fig. 2.b) and 27 kW for slices of pineapples (Fig. 3.b) . Once the ranges of freezing time for each food sample (highlighted by horizontal dashed lines in Fig.1.a to 3.a) , obtained by the proper trade-off between values of and , has been determined, the most adequate lot size, in term of mass of food product, can be evaluated. At this point, the freezing time is uniquely determined and plays a key role in deciding whether a batch or in-line process should be used. Processing all the three food samples in the same environment (with medium temperature within the range (-90/-80 °C) and velocity of (1/3 m/s), the size of the required lot , derived by Eq. (11) , are determined to be in the range (35/70 kg) for sausages ( Fig. 1.b) , (4/7 kg) for peas ( Fig. 2.b) and (70/140 kg) for slices of pineapple (Fig. 3.b) . In the case of peas, for example, a batch process is not reasonable.
Conclusions
In this work, useful charts for designing a low temperature freezing process and apprising the trade-off between the various design parameters (freezing time, cooling capacity, medium temperature, food production rate and type of food product) were determined. The developed methodology and the charts can be assists during the design of new industrial food freezers plants, being also a profitable aid in choosing between batch processes, where foods are frozen by lots in a closed and insulated room, or in-line ones, in which food is processed in freezing tunnel on a conveyor belt. Moreover, the thermal model adopted can be applied to all type of food products.
